As a part of studies related to the pharmacochemistry of heterocycles with a bridgehead nitrogen, 1) we initiated a program aimed at examining the synthesis and cytotoxicity of new tetracyclic derivatives of azacarbazoles.
2) Since the pyrido[1,2-a]benzimidazole ring system has been found to exhibit anticancer properties by Badaway and Kappe, 3) a number of studies have been directed toward this heterocycle. These investigations showed good activities of the compounds substituted on ring A (Chart 1, compound type 1).
As a first approach to modifications which should be integrated into ring C, we previously reported the regioselective synthesis of some pyrrolo 4) and pyrazolo 5) derivatives and their antitumor activities in vitro against resistant cell lines (MDR ϩ ). 6) To determine the effect of the nature of the heterocycle, we were interested in the pyrido[1Ј,2Ј:1,2]imidazo [4,5-h] quinazoline series (compound type 2). This class of compounds is related to the general class of tetracyclic angular heterocycles which are of great interest in the field of new potential anticancer agents. For example, a number of angular analogs of ellipticine 7) have been prepared in this way. From these studies the most promising product appeared to be intoplicine 3, 8) which is actually in a phase 2 clinical trial. 9) In this context, we became interested in the synthesis of the original series of pyrido[1Ј,2Ј:1,2]imidazo [4,5-h] quinazoline possessing a bridgehead nitrogen atom with a view to designing some new potential anticancer agents. In this paper, we describe the access to this framework, and our results concerning the cytotoxicity of the synthesized compounds against two human cell lines exhibiting the MDR phenotype. 10) Chemistry Retrosynthetic analysis showed that this series of compounds 4 was accessible by dehydrogenation of dihydro precursors 5 which can themself be obtained by reaction of an appropriate bisnucleophilic reagent with tricyclic 1,3-dicarbonyl units 6 possessing the tetrahydropyrido[1,2-a]benzimidazolic framework 11) (Chart 2). The starting hydroxymethylene derivatives 13, 14 were obtained according to the literature. 5) Compound 15 was prepared using the same procedure in two steps from 2-amino-5-chloropyridine (Chart 3).
Access to the Pyrido[1 ride was used. Surprisingly, under the first condition used, the expected product was not obtained, but the 6,7,8,9-tetrahydropyrido[1,2-a]benzimidazol-9-one 10 was isolated. Formation of 10 under these conditions was found to be the result of a retro-claisen type reaction performed with sodium ethylate generated from ethanol by sodium hydride. This hypothesis was confirmed by the following experiments. Treatment of 13 by NaH in ethanol led to the formation of 10, and the same result was obtained when treating 13 with sodium in ethanol while the treatment of 13 by NaH in THF gave no results. To prevent this reaction, compound 13 was allowed to react with guanidinium chloride in the presence of potassium carbonate in DMF, and the desired product 17 was obtained. Synthesis of the thiomethyl derivative 18 was finally investigated and first conducted by reaction of 13 with 2-(methylthio)pseudourea in refluxing ethanol. Under these conditions, heterocyclization occurred to give 18 as the minor product admixed with the acetal 19. Formation of this acetal is probably catalyzed by sulfuric acid liberated in situ from 2-(methylthio)pseudourea sulfate. To avoid this reaction, the b-hydroxenone 13 was first converted to its benzoyl ester 20, which reacted with 2-(methylthio)pseudourea in ethanol to give the excepted product 18 with only 5% yield. 12) When the reaction was performed in DMF, under basic conditions (Et 3 N), formation of 18 occurred in 55% yield (Chart 4).
Compounds 14 and 15 were also allowed to react with guanidinium acetate leading to the dihydropyrido[1Ј,2Ј:1,2]-imidazo [4,5-h] quinazolines 21, 22 with 61% and 46% yield respectively showing that yields are increased by the methyl group. Finally dehydrogenations of 16-18, 21, 22 were investigated by treating these derivatives with palladium on charcoal. The corresponding pyridoimidazoquinazolines 23-27 were obtained. The best yield was observed with the 2-amino derivative 24 while the 10-methyl derivative was obtained in only 7% yield (Chart 5).
All compounds were characterized by NMR experiments.
In particular, in the cases of 16 and 23, assignment of the different signals of H-2 and H-4 (two singlets at 9.01 and 8.48 ppm) was made on the basis of selective INEPT experiments as illustrated in Fig. 1 . Carbon C-12b was expected to show a significant long-range coupling with both protons H-2 and H-4, while carbon C-4a would exhibit a long-range coupling only with H-4. As illustrated in Fig. 1 , the unambigous attribution for C-12b (154.49 ppm) and for C-4a (125.53) were obtained by selective irradiation of H-5 causing polarization transfer to C-12b and C-4a, and of H-6 (polarization transfer to C-4a). Furthermore, selective irradiation of the signal at 8.48 ppm showed the transfer of C-12b and C-4a, while the selective irradiation of the signal at 9.01 ppm showed the transfer of C-12b only; this signal was attributed to H-2, while the signal at 8.48 ppm was attributed to H-4. Analogous correlations were observed for 23 leading to the following attributions: H-2 at 9.38 ppm and H-4 at 9.42 ppm. Pharmacology The cytotoxic properties of compounds 16, 21, 23 and 24 were evaluated by a cell growth inhibition assay against two human cell lines: HL60 (leukemia) and A2780 (ovarian). The resistant sublines HL60R and A2780R were established by the continuous spasm of cells to gradually increasing concentrations of daunorubicin and doxorubicin. All results are expressed as IC 50 and reported in Tables  2 and 3 .
Results and Discussion
All compounds exhibited cytotoxic activities against both HL60S and A2780S cell lines. In the case of the HL60 cell line, the less active compound was the 2-methyl derivative 21, while other compounds showed similar activities against both sensitive and resistant cells with small resistance factor (RF ca. 1 for 16, 23, 24 and 76 for doxorubicin). In addition, no effect of the dehydrogenation was observed on the activities.
The most interesting results were obtained on the A2780S and A2780R cell lines with the dehydrogenated compounds 23 and 24 which exhibited the highest activities. These activities were approximately 10 times better than their hydrogenated homologues and close to those observed for doxorubicine on the resistant cell line. In addition, in these two cases, the enhanced cytotoxicity did not induce the resistance phenomena (RF ca. 1).
Finally, these results showed that the pyrido[1Ј,2Ј:1,2]imidazo [4,5-h] quinazoline skeleton is an interesting framework in which to study a new class of potential cytotoxic agents. As for the previously described pyrrolo and pyrazolo derivatives, 4, 5) the principal interest in these compounds resides in their activities on resistant cell lines with better activities of the six membered heterocyclic derivatives. Also the planerity of the molecules is necessary to enhance the cytotoxic properties.
Conclusion
In this paper, we have reported the synthesis of a new class of tetracyclic bridgehead nitrogen heterocycles: the pyrido[1Ј,2Ј:1,2]imidazo[4,5-h]quinazoline framework. Reactivity of 1,3-dicarbonyl unit (13) derived from 6,7,8,9-tetrahydropyrido[1,2-a]benzimidazol-9-one was reported toward a set of "N-C-N" bisnucleophilic reagents showing the influence of the reaction conditions on the reactivity of such systems. Further studies on the pharmacomodulation of such compounds are now in progress and should lead to an interesting class of new potential anticancer agents with no resistant phenomena.
Experimental
Melting points were determined on a Buchi capillary melting point apparatus and are not corrected. Elemental analysis was performed by Microanalytical Center, ENSCM, Montpellier. Spectral measurements were taken using the following instruments:
1 H-NMR spectra were taken on a Brüker AC 100 and a EM 400 WB instrument; 13 C-NMR spectra were obtained at 26°C with proton noise decoupling at 25 MHz with a Brüker AC 100 and a EM 400 WB instrument. Chemical shifts are expressed relative to residual chloroform. Mass spectra were recorded on a LKB 2091 spectrometer at 15 eV [q(source)ϭ180°C]. Chloro-5,6-dihydropyrido[1,2:1,2]imidazo[4,5-h]quinazoline (22 Biological Assay Doxorubicin hydrochloride (Pharmacia, St Quentin en Yvelines, France); RPMI 1640 medium and fetal calf serum (Polylabo, Paris, France) were used in this study. All other reagents were of analytical grade and were obtained from commercial sources.
10-
Cells and Cultures: The human promyelocytic leukaemia cell line, HL60 was obtained from the American type culture collection (Rockville, MD, U.S.A.). The human ovarian carcinoma were generously given by Dr P. Canal (C. R. L. C. Val d'Aurelle). The doxorubicin resistant sublines HL60R and A2780R were established by the continuous spasm of cells to gradually increasing concentrations of daunorubicin and doxorubicine, respectively, and were maintained in medium supplemented with daunorubicin and doxorubicin at 0.1 mg/ml, respectively. The MDR phenotype expression of the HL60R and A2780R cell lines was assessed by an immunohistochemistry method, using the two P-glycoprotein-specific murine monoclonal antibodies C219 (Cantocor, Malvern, PA, U.S.A.) and JSB1 (Tebu, le Perray en Yvelines, France). Cultures were grown in RPMI 1640 medium supplemented with 10% fetal calf serum, antibiotics and glutamine at 37°C in a humidified atmosphere containing 5% CO 2 .
Cytotoxicity assays: In all experiments, parental sensitive and resistant HL60 and A2780 cells were seeded at a final density of 6000 cells/well in 96 well microtiter plates and were treated with drugs (doxorubicin and compounds 16, 21, 23, 24). Ten dilutions were used for each drug. After 96 h of incubation, 20 ml of MTT solution in PBS (5 mg/ml) was added to each well and the wells were then exposed to 37°C for 4 h. This colorimetric assay is based on the ability of live and metabolically unimpaired tumor-cell targets to reduce MTT to a blue formazan product. 8) Then, 100 ml of a mixture of isopropanol and 1M hydrochloride acid (96 : 4, v/v) was added to each well. After a vigorous shaking, the absorbance was measured on a microculture plate reader (Dynatech MR5000, France) at 570 nm. For each assay, at least four experiments were performed in triplicate. The resistance factor (RF) was calculated from the ratio between the IC 50 % growth-inhibitory concentrations (IC 50 values) recorded from HL60 R, A2780 R and HL60, A2780 cells, respectively, for all drugs tested (doxorubicin; compounds 16, 21, 23, 24).
